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1

Abstract

2

A case study is presented of the impact of ground-based glaciogenic seeding on a shallow, lightly

3

precipitating orographic storm with abundant supercooled cloud droplets, but few ice particles. The storm

4

was observed on 3 March 2012 as part of the AgI (silver iodide) Seeding Cloud Impact Investigating

5

(ASCII) experiment in Wyoming. The cloud base temperature was about -9oC, and cloud tops were at

6

about -16oC. The high concentration of small droplets and low ice particle concentration lead to natural

7

snow growth, mainly by vapor diffusion. The question addressed here is whether the injection of ice

8

nucleating particles (AgI) enhanced snow growth and snowfall. The treated (seeded) period is compared

9

with the preceding untreated (noseeded) period, and natural trends (observed in an adjacent control

10

region) are removed. The main target site, located on a mountain pass at an elevation above cloud base,

11

was impacted by AgI seeding, according to a trace chemistry analysis of freshly fallen snow.

12

Data from three radar systems were used: the Wyoming Cloud Radar, two Ka-band profiling

13

Micro-Rain Radars, and a X-band scanning Doppler-on-Wheels (DOW) radar. Composite data from these

14

radar systems and from gauges in the target area indicate an increase in low-level reflectivity and

15

precipitation rate during seeding. This finding generally agrees with other published ASCII case studies.

16

The increase in reflectivity during seeding in the target area appears to be due mainly to an increase in

17

particle size (aggregation), not number concentration, as suggested by DOW differential reflectivity and

18

by disdrometer and Cloud Particle Imager measurements on the ground.

19

2

20

Keywords:

21

Glaciogenic seeding; orographic cloud and precipitation; radar reflectivity profiles; airborne

22

measurements

23
24

Abbreviations:

25

PIF, precipitation impact factor; ASCII, AgI Seeding Cloud Impact Investigation; UWKA ,

26

University of Wyoming King Air; WCR, Wyoming Cloud Radar; WCL, Wyoming Cloud Lidar;

27

MRR, Micro-Rain Radar; DOW, Doppler on Wheels

28

3

29
30

1. Introduction
Cold-season snowfall over mountains is the main source of water in the western United

31

States. Orographic clouds have been seeded to augment the snowpack over the western

32

mountains for more than half a century. Orographic clouds often are suitable for glaciogenic

33

seeding for several reasons: they are typically quite young and rich in supercooled liquid water

34

(SLW) as air is lifted rapidly above the condensation level; and they are rather easy targets for

35

ground-based seeding as they are often shallow and persistent. The efficacy of glaciogenic

36

seeding remains poorly understood, notwithstanding many randomized experiments and field

37

work focused on cloud microphysics (National Research Council, 2003; Garstang et al., 2005).

38

This was the broader motivation for two recent field campaigns. The first one focused on

39

ground-based seeding: the AgI (silver iodide) Seeding Cloud Impact Investigation (ASCII) was

40

conducted over the Sierra Madre in southern Wyoming in early 2012 and 2013 (Pokharel and

41

Geerts, 2016). The second one, the 2017 Seeded and Natural Orographic Wintertime clouds: the

42

Idaho Experiment (SNOWIE-17) (Tessendorf et al., 2018), focused on airborne seeding. Both

43

campaigns collected rich airborne and radar observations to study cloud-microphysical

44

processes. The orographic clouds sampled in both campaigns all produced at least some natural

45

snowfall, i.e. there were no ice-free orographic clouds, although a few orographic cloud layers

46

with very few ice crystals (<<1 L-1) were detected in SNOWIE, and these proved to be quite

47

seedable, at least from an aircraft (French et al., 2018). Only ground-based seeding was

48

conducted in ASCII.

49

Cold-season orographic clouds are not always stratiform in nature. In the presence of

50

potential instability, the orographic lift may release that instability and give rise to embedded

51

convective clouds (e.g., Rotunno and Houze, 2007). Sometimes, typically in post-frontal
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52

situations with significant cold-air advection, only shallow convective clouds are present over

53

the mountains. The nature of clouds (stratiform vs. convective) affects both natural and

54

artificially altered ice initiation, and snow growth processes, with depositional growth generally

55

dominating in stratiform clouds and riming in convective clouds (Houze, 2014). Most of the

56

snowfall from stratiform clouds occurs on the windward side, while more snow may fall in the

57

lee of the crest from convective clouds, especially if the instability is released rather late, close to

58

the crest (Jing and Geerts, 2015). The seeding impact on the growth of hydrometeors is harder to

59

isolate in convective clouds, because of natural variability, and may be found only downwind of

60

the mountain, as shown in one ASCII-12 case study (Pokharel et al., 2014b).

61

Natural variability can be significant also in apparently steady stratiform clouds, as

62

shown in two ASCII-12 case studies, making it difficult to isolate the seeding impact on

63

stratiform precipitation also. These studies examined Intensive Operations Period #12 (IOP12)

64

(Pokharel et al., 2014a) and IOP13 (Pokharel et al., 2015). The IOP12 and IOP13 case studies

65

examined stratiform clouds containing high SLW content, with fewer droplets overall, but more

66

large droplets (D>20 µm), compared to most ASCII-12 stratiform cases. These two case studies

67

(IOP12 and IOP13) were somewhat limited, either because of lack of flight-level particle data (as

68

the probes became impacted by rime ice), or because the target cloud rarily reached flight level.

69

This paper presents a third case study of the impact of ground-based glaciogenic seeding

70

on stratiform orographic clouds in ASCII-12. This is a study of the 3 March 2012 case (IOP17).

71

This study is similar to IOP12 and IOP13 in that no embedded convection was present, the cloud

72

was shallow, and it naturally produced light snowfall. This study differs from the previous

73

studies in four important ways: firstly, this study utilizes a richer array of observations compared

74

to the IOP12 and IOP13 case studies, and also compared to other ASCII case studies (Pokharel et
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75

al., 2014b; Chu et al., 2014; Chu et al., 2017b), which is important because it has proven difficult

76

to tease out the seeding signal. One resource not used in the previous ASCII studies is the data

77

from particle probes on an aircraft flying overhead, at a level corresponding with ~600 m above

78

the mountain top. These in situ data are not expected to reveal a ground-based seeding impact

79

(since the AgI nuclei stay close to the ground, e.g. Chu et al., 2017a), but at least they

80

characterize the orographic cloud. As such, this is by far the most in-depth case study of all three.

81

Secondly, the concentration of supercooled droplets was higher in the natural cloud than in other

82

case studies of stratiform orographic cloud (IOP12 and IOP13), according to flight-level data

83

(Table 1). The droplets generally were small, no larger than 25 µm in diameter. Thirdly, fewer

84

ice crystals were present in the natural cloud than in IOP12 and IOP13. And finally, many

85

ground-based AgI generators were operated in this IOP (eight, as opposed to three in most ASCII

86

IOPs). One of the extra generators was located further upwind of the target area, allowing more

87

time for the impact of glaciogenic nuclei on precipitation. Several recent modelling studies (Chu

88

et al., 2017b; Xue et al., 2016) and observational studies (Jing et al. 2016) have shown that the

89

impact of seeding on precipitation can extend rather far downwind. The distance between the

90

three AgI generators used in most ASCII case studies and the target mountain crest is only 15-20

91

km (Pokharel and Geerts, 2016). In this study, the more distant AgI generator is 25-30 km

92

upwind of the crest.

93

The fundamental hypothesis underlying glaciogenic cloud seeding as a method to

94

enhance precipitation from wintertime orographic cloud systems is that a cloud’s natural

95

precipitation efficiency can be enhanced by converting supercooled water to ice upstream and

96

over a mountain range in such a manner that newly-created ice particles, growing by diffusion,

97

riming, and/or aggregation, can fall as additional snow on a specified target area. The specific
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98

hypothesis of this study is that the ground-released AgI nuclei sufficiently mix into a shallow

99

stratiform orographic cloud to alter snow growth and snowfall. This will be examined mainly in

100

terms of changes in radar reflectivity and also differential reflectivity in the target area, which in

101

this case is the mountain downwind of the AgI generators. This study further examines whether a

102

reflectivity enhancement, if it occurs, can be attributed primarily to an increase in ice particle

103

number concentration, or to an increase in particle size.

104

This paper is divided in six sections. Section 2 focuses on the experimental design and

105

instrumentation. Atmospheric conditions and measured cloud microphysics are discussed in

106

Section 3. Sections 4 and 5 provide the seeding impact analysis based on the remote sensing

107

measurements and in-situ measurements, respectively. The key findings are listed in Section 6.

108
109
110

2. Experimental design and instrumentation
The ASCII experimental design has been detailed in several studies (Geerts et al., 2013;

111

Pokharel et al., 2014a, 2014b, 2015; Pokharel and Geerts, 2016). A composite seeding impact

112

analysis for all 27 ASCII IOPs is presented in Pokharel et al. (2017). This study focuses on one

113

of the IOPs, IOP17, as mentioned above. Here, the instruments and aspects specific to this IOP

114

are briefly addressed. ASCII IOPs were designed to measure the cloud and precipitation at first

115

for two hours during natural conditions (referred to as the NOSEED period), followed by a two-

116

hour period with AgI generators in operation (SEED). The reason for this sequence was

117

motivated by the observation that AgI nuclei typically linger, sometimes more than two hours,

118

after the generators are shut off (Breed et al., 2014). Most of the ASCII cases include only three

119

AgI generators, however IOP17 was a part of a Wyoming Weather Modification Pilot Project

120

(WWMPP) randomized seeding experiment (RSE), and thus had eight AgI generators turned on
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121

for four hours (Breed et al., 2014). In this case, we define NOSEED as the ~2 hour period before

122

the start of seeding, and SEED a period of 2-3 hours within this RSE, depending on the

123

instrument and its location (Table 2). We ignore the first ½ hour of AgI seeding, as it takes time

124

for the AgI nuclei to advect across the target area.

125

Measurements were made both upstream (referred to as “control”) and downstream

126

(referred to as “target”) of the AgI generators, which were located in the foothills of the target

127

mountain, the Sierra Madre in SE Wyoming (Fig. 1). The control measurements document the

128

natural trend in orographic clouds and precipitation while the target measurements should

129

capture the natural change plus any seeding impact on orographic clouds and precipitation. Of

130

course, the natural variability in the upwind control may not be exactly the same as that over the

131

downstream target region, but they should be similar, and in fact different instruments employ

132

different control and target regions, as discussed below.

133

Several ground-based and airborne platforms collected data in IOP17. The University of

134

Wyoming King Air (UWKA) was equipped with the profiling Wyoming Cloud Lidar (WCL)

135

and Wyoming Cloud Radar (WCR) (Wang et al., 2012), plus several in situ particle probes, i.e. a

136

cloud droplet probe (CDP), a cloud imaging probe (CIP), a 2-D precipitating probe (2DP), plus

137

wind, humidity, SLW and temperature sensors. The CDP, CIP and 2DP measure particles in the

138

size range of 3-50 µm, 12.5-2000 µm, and 0.1-20 mm respectively. The first two CIP bins (<63

139

µm) are excluded in the calculation of the total CIP particle concentration as such small particles

140

are marginally resolved (Pokharel and Geerts, 2016). The CDP only provides size distribution,

141

while the CIP and 2DP are optical array particle imaging probes.

142
143

The UWKA flew two geographically fixed “lawnmower” (or “ladder”) patterns during
NOSEED in an upstream direction (Fig. 1). Then, at 1930 UTC, the AgI generators were
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144

switched on (Table 2), and the UWKA flew two along-wind flight legs, allowing time for the

145

AgI nuclei to disperse. Then the UWKA flew two more ladder patterns starting at flight track #5.

146

These UWKA measurements compose the SEED period. Because track #1 was to the west

147

(upstream) of all but one AgI generator (Fig. 1), WCR data from this track are treated as control.

148

(Any contamination from the one AgI source further upstream is ignored as in this case the cloud

149

base was well above the elevation of that source.) The four other tracks (#2-5) are downstream of

150

most AgI generators, thus these data are treated as target. The Sierra Madre topography has to be

151

considered as well: tracks #2-3 are located upstream of the crest, track #4 is close to the crest,

152

and track #5 is in the lee.

153

The key instruments on the ground are the X-band dual-polarization Doppler-on-Wheels

154

(DOW) radar (Wurman et al., 1997), a Cloud Particle Imager (CPI, Lawson et al., 2006), a

155

profiling 24-GHz Micro Rain Radar (MRR), a Parsivel disdrometer (Löffler-Mang and Joss,

156

2000; Yuter et al., 2006), and an Environmental Technology Inc. (ETI) precipitation gauge. The

157

DOW was located at Battle Pass (Fig. 1) and the other instruments were mounted on a scaffold

158

structure sheltered by trees at a site (referred to as Battle Town site) some 500 m downwind of

159

the DOW. The DOW completed full volume scans every 8 min, and thus provided continuous

160

3D measurements, whereas WCR reflectivity data were collected only in a vertical transect along

161

the flight track (twice during NOSEED and twice during SEED). On the other hand, DOW data

162

were generally not available very close to the ground, nothwithstanding the -1° minimum

163

elevation angle, on account of ground clutter and beam blockage. But Battle Pass had excellent

164

views towards the AgI generators on the SW (upwind) side, and towards the east (lee) side, thus

165

covering both control and target areas. The DOW control and target regions will be defined in

166

Section 4.3 below. Details of the DOW data processing for ASCII can be found in Jing et al.,
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167

(2015). The DOW system includes a weather station with 10 m wind and 2 m temperature and

168

humidity.

169

Fresh snow samples were collected regularly at Battle Town site, to analyze the

170

concentration of silver (Ag) and other trace elements in falling snow. The Battle town site was

171

located roughly downwind of several AgI generators during IOP17, thus its data serve as target

172

measurements. A second MRR, whose data are used as a control measurement, was operated at

173

Ladder Livestock ranch (Fig. 1) upstream of the AgI generators. After data reprocessing

174

following Maahn and Kollias (2012), the lowest data level was 450 m AGL for the MRR at

175

Battle Town site, and 700 m for that at the Ladder Livestock ranch. The ASCII instrument

176

network further included a ceilometer, a passive microwave radiometer, an automated weather

177

station, and radiosondes (Pokharel and Geerts, 2016). The radiometer, a multi-angle dual-

178

frequency system located at Savery (Fig. 1), is used to estimate cloud liquid water path (LWP)

179

over the Sierra Madre, as it was pointed at an angle just above the topography. Three GPS

180

radiosondes were released from Dixon (Fig. 1) during this IOP.

181
182

3. Atmospheric conditions and cloud characteristics

183

3.1

184

Synoptic conditions and atmospheric profiles upstream of the mountain
IOP17 on 3 March 2012 occurred in the wake of a deep upper-level ridge passing over

185

Wyoming. A northwesterly jet, located over NE Wyoming, produced upper-level subsidence. At

186

low levels, very cold air covered the central part of the United States, with much warmer air to

187

the west. The northwesterly flow transported water vapor from the Pacific Ocean into the region,

188

which resulted in orographic precipitation over a series of mountain ranges from the Cascades to

189

the Sierra Madre. Steady, light snowfall occurred over the Sierra Madre during the IOP17.
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The balloon soundings indicate a shallow layer near ice saturation up to approximately

190
191

4.0 km AGL (immersing the Sierra Madre which peaks at 3.36 km MSL or 670 mb), an

192

inversion up to ~4.5 km AGL, and warm, dry air aloft (Fig. 2). The wind gradually veers from

193

southwesterly near the surface to northwesterly at the top of the shallow moist layer. Near

194

mountain crest level, the wind is westerly at 30-35 kts. The sounding based lifting condensation

195

level (LCL) is about -9oC, cold enough for AgI-based ice nucleation (DeMott, 1999). The cloud

196

top temperature is about -16oC. As will be shown below, this was not cold enough for extensive

197

natural ice initiation, in fact numerous liquid droplets were observed near cloud top. The cloud

198

base height in all three soundings was below Battle Pass level (3000 m), assuming either the

199

surface-based or the mixed-layer (500 m deep) LCL. Thus, the strong orographic flow (and thus

200

well-mixed boundary-layer), the low cloud base, the cloud temperature range, and the lack of ice

201

clouds aloft (shown also in the WCR reflectivity transects, discussed in Section 3.3) all imply

202

suitable conditions for ground-based AgI cloud seeding.

203

In order to tease out the seeding signal from a non-simultaneous comparison (SEED vs

204

NOSEED), steady conditions are needed. The three soundings were indeed quite similar with a

205

shallow cloud layer strongly capped near 4.0 km MSL (Fig. 2d).

206
207
208

3.2

Storm conditions and evolution during the IOP
In order to further characterize the IOP17 storm conditions and to quantify natural

209

changes during the duration of the IOP, we plotted a large array of data against time in Fig. 3.

210

The most significant change is the observed warming by ~4 K during the IOP (Fig. 3b), due to a

211

combination of warm-air advection (consistent with veering winds with height, Fig. 2) and

212

daytime surface heating (local solar noon is at 19:04 UTC). The wind speed and direction are
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213

rather steady (Fig. 3a). The wind is stronger in the Battle Pass gap (20 m s-1) compared to the

214

average wind (15 m s-1) measured by the soundings from surface to mountain top level (Fig. 3a).

215

The bulk Brunt-Vaisala frequency N, calculated from the surface in Dixon (in the valley) to

216

mountain top level, indicates stratified conditions (N ~0.01 s-1) (Fig. 3d), except for the second

217

sounding, which reveals close to dry-neutral conditions in the boundary layer and near moist-

218

neutral conditions higher up in the moist layer (Fig. 2b, d). The bulk Froude number1 Fr is

219

slightly larger than unity (1.0) for the first and third soundings while for the second sounding it

220

has a larger value (Fr~4). Excluding the shallow valley inversion in the first and third soundings

221

(Fig. 2d), Fr > 2 in all three soundings, suggesting that the low-level flow was unblocked and

222

crossed the mountain crest during this IOP. The LCL (cloud base), estimated from the soundings

223

and from Dixon weather station (Fig. 3e), generally is above the elevation of the AgI generators

224

(2.4-2.6 km MSL) yet below that of Battle Pass (3.0 km MSL). This suggests that the released

225

AgI nuclei enter into the cloud before crossing the mountain crest.
The presence of SLW in clouds over the Sierra Madre was confirmed by the radiometer

226
227

at Savery (Fig. 3e), however the magnitude is about 0.1 mm (100 g m-2), rather low. If we

228

assume a cloud depth of 1 km, then the vertically averaged LWC would be 0.10 g m-3. This is

229

close to the measured average LWC (0.13 g m-3) by the CDP at flight level. The radiometer LWP

230

is higher during NOSEED compared to SEED (Fig. 3e), while the precipitable water (integrated

231

water vapor calculated from three soundings) shows the opposite (Fig. 3c). The mean near-

232

surface WCR reflectivity decreases along track #1 (the control track) during the IOP

1

The Froude number is calculated as Fr=U/(NH), where U is the surface-to-mountaintop mean
wind speed and H is the height of the mountain above the upwind plains.
12

233

(Fig. 3f), but the DOW reflectivity in its control region and the WCR echo top height both

234

remains steady (Fig. 3c and f).

235
236
237

3.3

Orographic cloud and precipitation characterization
The persistent orographic cloud in IOP17 is depicted well in the along-wind flight

238

transect across the Sierra Madre (Fig. 4). The WCR echoes in this transect, flow just after the

239

SEED period, are less than 2 km deep on the upwind side (Fig. 4a). The air layers containg the

240

stratiform cloud are squeezed over the mountain. Strong subsidence near the crest (Fig. 4b)

241

causes the ice crystals to sublimate rapidly in the lee, except near the surface. The

242

upward/downward (positive/negative) vertical velocity dipoles are associated with the terrain

243

(Fig. 4b); the flight-level vertical velocity matches well with the WCR measured vertical velocity

244

near flight level, with the assumption of a particle fall speed of 1 m s-1. The WCR dual-Doppler

245

along-track wind speed is shown in Fig. 4c. The hydrometeor streamlines (which are tangential

246

to the 2D wind at any location) indicate wave-like motion upwind, and a downslope windstorm

247

on the lee side (Fig. 4c). There are some scattered ice crystals above flight level, detectable by

248

WCR, but the liquid cloud top remains mostly below or at flight level. This cloud contains a high

249

concentration of SLW droplets, based on the high value of lidar backscatter power just below

250

flight level on the upwind of the crest (Fig. 4d). The SLW diminishes immediately on the lee

251

from the crest due to deep subsidence evident at flight level (Fig. 4d). The lee side shallow WCR

252

reflectivity could be associated with blowing snow (Geerts et al. 2015).

253

Even though the orographic cloud was shallow, the UWKA (flying at a constant flight

254

level of 13 kft or 3962 m) penetrated the cloud tops frequently during different ladders on the

255

upwind side of the Sierra Madre (Tracks #1-4). The average droplet concentration measured at

13

256

flight level over the target mountain during NOSEED (Tracks #1-4) is about 125 cm-3 with a

257

maximum value just over 200 cm-3 in a deep updraft (Fig. 5a). The mean droplet concentration

258

measured on IOP17 is almost twice the mean value for all ASCII IOPs [~70 cm-3, Pokharel and

259

Geerts (2016)]. The average flight level LWC (where liquid is present) is 0.13 g m-3 (Fig. 5b), a

260

typical value for winter orographic clouds in Wyoming (Pokharel and Geerts, 2016; Politovich

261

and Vali, 1983). The CDP droplet size distribution reveals a mode diameter of about 12 µm (Fig.

262

5c), which also is typical for such clouds, even though very large supercooled droplets were

263

observed in one ASCII-12 case (Pokharel et al., 2015). The (natural) ice concentration near cloud

264

top is quite low, less than 10 L-1 (Fig. 5d). This may be attributed to the lack of ice multiplication

265

(splintering), since this cloud lacks large droplets and is too cold. The ice concentration

266

measured in IOP17 is smaller than the ASCII mean value (Fig. 5d). The huge difference between

267

the droplet and ice particle concentrations (4 orders of magnitude) suggests that additional ice

268

nuclei may enhance snow growth by diffusion. In short, the measured cloud appears to be a good

269

target for glaciogenic seeding.

270
271
272

4. Seeding impact detection: radar reflectivity
Three different radar systems (WCR, MRR, and DOW) are used to examine how seeding

273

may affect snowfall in this IOP. The SEED measurements are compared against NOSEED

274

measurements in both control and target regions, as in previous studies (Pokharel et al., 2017).

275

The three radar systems differ in terms of frequency (and thus sensitivity to hydrometeors of

276

different sizes), viewing angle (vertical vs. quasi-horizontal), and spatial coverage (and thus

277

definition of control and target regions). Moreover, the SEED and NOSEED periods are not

14

278

exactly the same (Table 2), so the analyses from the three radar systems should be seen as

279

complementary.
The relationship between cm-wave reflectivity and snowfall rate is well-established (e.g.,

280
281

Wolfe and Snider, 2012). While mm-wave radar reflectivity cannot be used to measure heavy

282

snowfall rate (it saturates at ~25 dBZ), it correlates strongly with snowfall rate when particles are

283

small, as evidenced by studies using particle scattering models (Matrosov, 2007) and

284

observations (Pokharel and Vali, 2011; Matrosov et al., 2009; Rasmussen et al., 2003). IOP17

285

has a peak reflectivity of just 10 dBZ, and most ice particles are less than 1 mm in diameter (Fig.

286

5d).

287
288

4.1

Wyoming Cloud Radar

289

WCR reflectivity has been used before to examine the impact of glaciogenic seeding on

290

snowfall rate, both in case studies (Geerts et al., 2010; Pokharel et al., 2014a, 2014b, 2015) and

291

in a composite data analysis (Pokharel et al., 2017). In none of the cases, a clear seeding

292

signature in WCR reflectivity transects (i.e., a plume of increased reflectivity) emerged

293

downwind from the AgI generators. The WCR reflectivity transects from track #4 are shown in

294

Fig. 6. The first two transects are from NOSEED, and the AgI generators had been on for at least

295

1 hour for the other transects. The projected location, along-plume distance as well as the actual

296

elevation of the six AgI generators are shown in third and fourth panels (Fig. 6c-d). The

297

projection uses the average wind direction below mountain top level from the nearest sounding

298

(Fig. 2). The remaining two AgI nuclei plumes did not cross track #4 (Fig. 1). The reflectivity is

299

highest during the first transect and decreases steadily in later transects, consistent with track #1

300

data (Fig. 3f), implying that the storm was weakening during the IOP. No clear local reflectivity
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301

increase (seeding signature) near the projected locations of the AgI plumes is observed during

302

SEED.

303

Since an obvious seeding signature is not apparent in individual WCR reflectivity

304

transects, the reflectivity data are analyzed in composite sense, and the analysis focuses on the

305

change [SEED – NOSEED] in the target area against the same change in a control area, also as

306

in previous case studies (Pokharel et al., 2014a, 2014b, 2015). Flight tracks #2-5, which are

307

downwind of the AgI generators, are treated as target and track #1 is treated as control (Fig. 1).

308

Track #1 may not be completely untreated since it is ~6 km downwind of one AgI generator, but

309

it certainly is less treated. It could be argued that track #2 should be part of the control group,

310

since it takes some time (and advective distance) for AgI to grow ice crystals. Three recent

311

seeding impact modelling studies indicate an increase in low-level reflectivity starting around 7-

312

9 km downwind of the AgI generators and peaking at 17-19 km downwind, for winter storms in

313

the same region as the case examined here. These studies examine a shallow convective storm

314

over the Sierra Madre (Chu et al., 2017a), and two separate shallow stratiform storms over an

315

adjacent mountain, the Medicine Bow range (Xue et al., 2016, and Chu et al., 2017b). Track #2

316

is a mere 3 km downwind of an array of three AgI generators that is aligned with the flight track

317

(Fig. 1). The above-mentioned model results suggest that the strongest impact on reflectivity

318

should be expected along track #4, ~17 km downwind of the generator array.

319

The composite reflectivity data are shown as frequency by altitude diagrams (FADs)

320

(Yuter and Houze, 1995) in Fig. 7, for control and target regions, and for NOSEED and SEED

321

periods. These diagrams show the normalized frequency of a reflectivity value at certain height

322

above the terrain and at certain bin. The WCR reflectivity FADs confirm the higher reflectivity

323

during NOSEED compared to SEED both in control and target regions, i.e. the storm was
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324

weakening during the 3 hour period. The decrease in reflectivity is larger in control track (Fig.

325

7c) compared to the target tracks (Fig. 7f), especially near the ground. If we assume that the

326

natural trend is the same in target and control regions, and recall that the control track shows

327

natural changes only while the target tracks show natural changes plus any seeding effect, then

328

we find a positive impact of seeding on reflectivity and thus on snowfall rate. This will be

329

discussed in more detail in Section 4.5.

330
331
332

4.2

Micro-Rain Radars
Two MRRs were deployed during IOP17. One MRR was located upwind of the AgI

333

generators (control) and the other was located downwind at Battle Town site (Fig. 1).

334

Measurements at Battle Town site can be treated as “target” only if the site was within an AgI

335

plume during SEED. The WSW surface wind directions observed at various locations, including

336

at Battle Pass, suggest that the AgI plumes from at least one of the eight active AgI generators

337

reached Battle Town site. The channeling of the flow (and AgI plumes) into Battle Pass makes

338

this assessment even more likely.

339

Snow samples collected at Battle Town site were analyzed in a lab for concentrations of

340

Ag (silver) and four other naturally co-varying trace elements. The ratio of Ag concentration

341

over the concentration of these other trace elements [referred to as the R-value, Pokharel et al.

342

(2014b)] is shown in Fig. 8 for six snow samples collected during IOP17. These other trace

343

elements are Rb (Rubidium), Ba (Barium), Sr (Strontium) and Ce (Cerium). They naturally

344

correlate well with Ag, as their variation is due to varying atmospheric mineral aerosol loads. An

345

R-value larger than 1 indicates that the enhancement of Ag concentration must be due to AgI

346

seeding. Both Ag concentration and R-value were not significantly higher until the penultimate
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347

snow sample, which includes snow falling near the end of the UWKA SEED period (Table 2).

348

The last snow sample, collected around 2200 UTC after the UWKA had left the scene, contains

349

strong evidence of artificial Ag in the falling snow. This is consistent with previous studies that

350

the AgI plume (or Ag-containing snowflakes) may take as long as two hours to reach Battle

351

Town site (Pokharel et al., 2014a, 2014b, 2015), even though the calculated travel time for the

352

AgI nuclei is about 30 minutes, based on the mean wind. This confirms that the AgI plume

353

reached Battle town site, but rather late in the SEED period, which ends at 2250 UTC for

354

instruments at that site (MRR and Parsivel, see Table 2).
The MRR reflectivity difference FADs from the control site is consistent with WCR

355
356

measurements: the storm was weakening (Fig. 9a). And the positive seeding impact is far more

357

obvious for the MRR than for the WCR, with higher reflectivity during SEED (compared to

358

NOSEED) over the target MRR (Fig. 9b), notwithstanding the generally weakening storm. The

359

difference between MRR-based and WCR-based seeding impact probably is because SEED

360

lasted 1.5 hours longer for the MRR (Table 2), and snow trace element analysis (Fig. 8) suggests

361

that that the target MRR is most impacted by seeding during that last 1.5 hours. The MRR

362

reflectivity at Battle Town site is so shallow on account of the sudden subsidence in the lee of the

363

Sierra Madre crest (Fig. 1), evident in WCR data (Fig. 4b) and also MRR Doppler velocity data

364

(not shown).

365
366
367

4.3

DOW radar
The DOW provides a full volume of 3D data covering both target and control regions

368

across the Sierra Madre. As mentioned before, low-level coverage from Battle Pass is limited to

369

the NW and S of the radar, because of terrain blockage, but the low-level views along the wind
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370

direction are excellent (Fig. 10). The DOW data are partitioned into three regions for the purpose

371

of examining the seeding impact (Fig. 10). This approach is similar to Jing et al. (2015),

372

Pokharel et al. (2015), and Pokharel et al. (2017), but in this case, there are eight AgI generators.

373

The region upwind of most AgI generators, where the lowest unblocked DOW beam is not

374

higher than 1.0 km above the terrain, is treated as control region. This region has almost no data

375

below ~500 m AGL (after ground clutter removal), because of its distance from the radar. Two

376

target regions are distinguished, as in previous studies: the upwind target is downstream of most

377

AgI generators, but upstream from the mountain crest; and the lee target is downstream of the

378

mountain crest. The boundaries of the two target regions are further defined by the requirement

379

that the lowest unblocked DOW beam cannot exceed 1 km AGL.

380

The DOW reflectivity (Z) and differential reflectivity (ZDR) data are composited for two

381

periods (NOSEED and SEED) and the above-mentioned three regions in Fig. 11. Also shown in

382

this figure are the resulting reflectivity and ZDR difference FADs [SEED – NOSEED]. Recall

383

that the DOW SEED period ends rather late, almost as late as the MRR SEED period (Table 2).

384

We see some basic orographic changes in mean reflectivity profiles, i.e. an increase in low level

385

reflectivity from the foothills (control) to mountain (upwind target), and a decrease from upwind

386

to lee target areas at low levels (below 1.5 km AGL) (Fig. 11a, b and c). The mean DOW

387

reflectivity decreases significantly during the IOP in the control region (Fig. 11a), consistent

388

with the WCR and MRR findings: the storm is weakening. Yet it remains unchanged or increases

389

from NOSEED to SEED periods in both target regions (Fig. 11b and c), suggesting that the

390

natural storm weakening is at least offset by seeding. This positive seeding impact is slightly

391

more pronounced at greater fetch, i.e. in the lee target area.
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392

Differential reflectivity (ZDR) can be negative for ice crystals that tend to be oriented

393

vertically, but higher ZDR values (above 0 dBZ) imply larger, more horizontally oriented

394

scatterers, mostly likely aggregates which generally have ZDR values between 0-2 dB (e.g.,

395

Kumjian, 2013). Because seeding increases the number of ice crystals, it also increases the

396

chances of aggregation, so it is plausible that seeding will increase ZDR (Jing et al., 2015).

397

The ZDR values in IOP17 are distributed around 0.0 dB in the control region (Fig. 11d)

398

and slightly higher in the target regions, around 0.3-0.6 dB (Fig. 11e and f). These values are

399

similar to those in other stratiform cloud cases in ASCII (Jing et al., 2015). The ZDR difference

400

FADs show an increase in ZDR value with time during the IOP in all three regions (Fig. 11 d, e

401

and f), thus this is a natural trend, but the increase in ZDR during SEED is larger in the target

402

regions. This is consistent with an increase in ice particle aggregation, which is also observed

403

both at flight level and at the ground, as will be discussed in Section 5 below.

404

To examine the spatial distribution of DOW Z and ZDR over the target and control areas,

405

we map out their average values below 1.5 km AGL in Fig. 12. The orographic effect of

406

precipitation enhancement towards the crest is clearly observed in both NOSEED and SEED

407

periods (Fig. 12a and b). ZDR is mostly negative in the control region during NOSEED, due to

408

small, mostly vertically oriented ice crystals, but becomes mostly positive towards the crest, due

409

to natural aggregation or predominance of dendrites (Fig. 12d). The storm generally weakens in

410

the control area, resulting in mostly negative [SEED-NOSEED] Z values (Fig. 12c). These

411

values are mostly positive downwind of the AgI generators, esp. the southernmost generators.

412

The small-scale structure of the [SEED-NOSEED] Z field (Fig. 12c) probably is not very

413

meaningful since the Z field itself has transient echoes that may dominate in the rather short-term

414

averages shown here. Certainly, there is no clear “signature” of enhanced Z downwind of

20

415

individual generators. The ZDR field shows a positive trend during IOP17, mainly in the target

416

regions (Fig. 12e), consistent with Fig. 11.
Finally, we examine the variation of ZDR for a given value of Z in the target region (Fig.

417
418

13). The question is: for a given Z (and thus a given size of the largest snow particles in a DOW

419

resolution volume), what is the ZDR distribution? During NOSEED the ZDR spread is rather

420

broad for a given Z, indicating a variety of particle orientations. During SEED ZDR becomes

421

more narrowly distributed and increases monotonically with Z, i.e. larger particles are more

422

horizontally oriented, as expected from aggregation (Fig. 13b). The ZDR is significantly larger

423

during SEED for any Z value (Fig. 13c), indicating that a particle of a given size is more likely to

424

be an aggregate (higher ZDR) during SEED. This is consistent with the hypothesis that seeding

425

enhances the ice crystal concentration and thus the chances for aggregation. Seeding does not

426

systematically affect the co-polar correlation coefficient (ρhv), for any value of Z (not shown).

427
428
429

4.4

Profiles of radar reflectivity change
All three radar systems show that this snowstorm was weakening over the Sierra Madre

430

during the IOP. To isolate the glaciogenic seeding impact, we compute a double difference, as in

431

Pokharel et al. (2014a; 2015; 2017):

432

!"# = ∆&'!( − ∆&'!*

433

In other words, ZIP (Z impact parameter) is the difference between the average reflectivity

434

change [SEED – NOSEED] in the target region (or treated, subscript T) and that in the control

435

region (untreated, subscript U). Here ∆&'! = &'!+ − &'!, , with subscript S (N) refering to

436

SEED (NOSEED).

(2)
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437

To qualitatively relate this change to precipitation impact, we express ZIP as a relative

438

change in precipitation rate (R), assuming a Z (mm6 m-3) – R (mm h-1) relationship. Again

439

following Pokharel et al. (2014a), the precipitation impact factor (PIF) is defined as a relative

440

change in R (SEED vs. NOSEED) in the target area, relative to the same relative change in the

441

untreated area:

442

#"- =

./,1
.2,1
./,3

(3)

.2,3

443

The PIF can be related to ZIP, #"- = 10(

7×9:;
)
<=

, if one assumes a Z-R relationship of the

444

form ? = @! A , where a and b are constants (Pokharel et al., 2014a). While a range of

445

empirically determined values of b can be found in the literature, not just for cm-wave radars but

446

also mm-wave radars (Pokharel and Vali, 2011; Matrosov, 2007), we use a single value (b = 0.7)

447

for the three radars, for simplicity, since quantitative precipitation impact estimation is beyond

448

the scope of this case study.

449

The profiles of ZIP and corresponding PIF for three radars are shown in Fig. 14. For all

450

three radar systems, the control area is upwind of the target area. All three radars show positive

451

ZIP values (PIF>1) within the well-mixed boundary layer, which is estimated to be 600 m deep

452

on average, based on WCR vertical velocity spectra. If we consider the change in the control area

453

as the natural regional trend, and change in target region as this natural trend plus the seeding

454

impact, then we conclude that all three radars agree that seeding increases reflectivity (and thus

455

precipitation rate). Since precipitation was measured by ETI gauges during the IOP both in the

456

control region (lateral control, Elk River, Fig. 1) and in the target region (the average of two ETI

457

gauges, one at Battle Pass and one a few km further downwind), we can calculate the PIF based

458

on measured surface precipitation using equation (3). This gauge-based PIF also is larger than
22

459

one (Fig. 14). While the different radar systems and gauge network, each with their own control

460

and target regions, their own measurement properties, and their own slightly different

461

observational periods (Table 2), all agree on the sign of the change, they differ on the magnitude

462

of that change.

463
464

5. Seeding impact detection: in situ particle measurements on the ground

465

To better understand the observed increase in low-level reflectivity at Battle Town site

466

(Fig. 1) during SEED, as observed by the MRR (Fig. 9) and the DOW (Fig. 12c), we examine

467

data from the particle sizing and imaging probes at that site. As discussed in section 4.2, there is

468

good evidence that this site was impacted by AgI seeding, although with some delay. A Parsivel

469

disdrometer measures particle concentration in 32 size bins ranging from 0.062 to 24.5 mm in

470

diameter. No clear trend was observed in the particle concentration in the various size bins

471

during the IOP (Fig. 15a). In general ice particles remained small throughout the storm, but the

472

particle concentration tended to peak in the middle of the IOP, with lower values both early and

473

late in the IOP (Fig. 15b). The Parsivel measured particle size distribution can be used to

474

calculate equivalent reflectivity assuming Rayleigh scattering: the calculated reflectivity trend

475

(Fig. 15c) matches the mean particle size trend (Fig. 15b). On average Parsivel-estimated

476

reflectivity is higher during SEED (48.7 dBZ) compared to NOSEED (45.9 dBZ); at least in

477

sign, this change is consistent with the MRR and DOW data at Battle Town site.

478

These Parsivel data are composited as frequency-by-diameter displays (FDDs) to detect

479

changes in particle size distributions (PSDs) between the two periods (Fig. 16). Two features are

480

apparent; first, on average the PSD tends to drop off exponentially with size, as expected, and

481

second, the distribution of PSDs is very narrow during both periods (Fig. 16a and b). The
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482

difference FDD shows a higher concentration of small snow particles during NOSEED (Fig.

483

16c), while the concentration of the largest particles (>2 mm) (which dominate the calculated

484

reflectivity) is slightly higher during SEED. This result is inconsistent with the expectation that

485

the observed increase in reflectivity during glaciogenic seeding is due at least in part to an

486

increase in particle concentration. In any event, the differences are rather small, and, as evident

487

from Fig. 15, sensitive to the choice of time periods.

488

Aside from the Parsivel, there also was a CPI probe on the scaffold at Battle Town site,

489

imaging ice particles in fine detail (~10 µm resolution) as they floated through an aspirated tube.

490

Select CPI particle images during this IOP are shown in Fig. 17. A variety of mostly unrimed

491

crystal habits were observed, including columns, needles, plates, dendrites, as well as aggregates.

492

A qualitative analysis of the collage from the upper left (near 1800 UTC) to the lower right (near

493

2222 UTC) reveals many larger crystals or aggregates during SEED.

494
495
496

6. Conclusions
A case study of the impact of glaciogenic seeding on a shallow, naturally precipitating,

497

stratiform orographic cloud observed on 3 March 2012 (IOP17) during the ASCII field

498

experiment over the Sierra Madre range in southern Wyoming is presented. This persistent cloud

499

was documented by three different radar systems and several airborne and ground-based particle

500

sizing and imaging probes. The cloud base temperature was ~-9oC and cloud top temperature ~-

501

16oC, which is a suitable temperature range for AgI seeding. The flow was unblocked and the

502

surface winds were strong over the mountain (~15-20 m s-1), implying a high probability that

503

ground-released AgI nuclei were mixed effectively into cloud, whose base was below mountain

504

crest level. Natural ice crystal concentrations in this orographic cloud were small, as the cloud
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505

top was relatively warm, the seeder-feeder mechanism (crystals falling from an ice cloud aloft)

506

was not active (according to WCR reflectivity profiles), and conditions were not suitable for ice

507

multiplication. Growth occurred by vapor diffusion (the Bergeron process), as droplets were

508

quite small and airborne and ground-based particle imaging probes revealed little or no riming.
The impact of seeding on snow particle properties is not immediately obvious from

509
510

instantaneous reflectivity or maps, thus the impact of AgI seeding is studied by contrasting the

511

measurements collected before seeding commenced (NOSEED) against those during seeding

512

(SEED), both in a target region and in an upwind control region. The airborne probes have

513

shorter SEED and NOSEED periods compared to the ground-based ones, but the key findings

514

listed below apply irrespective of the definition of SEED and NOSEED periods. A higher-than-

515

expected Ag concentration was found in a fresh snow sample collected at Battle Town site in the

516

target region during SEED, indicating that AgI plumes (or AgI-impacted snow) probably reached

517

that site, although only two hours after the AgI generators were switched on.
Two key conclusions are drawn:

518
519

§

Three different radar systems, each with a different observational strategy, frequency, and

520

control vs. target regions, indicate an increase in low-level reflectivity in the target region,

521

after the natural trend in the control region is removed. This change is consistent with two

522

other published ASCII case studies of the impact of ground-based AgI seeding on stratiform

523

orographic clouds (IOP12 and IOP13). This finding suggests that AgI seeding increased the

524

surface precipitation rate in IOP17, as confirmed by gauge-based snowfall measurements.

525

§

The increase in reflectivity in this case does not appear to be due to an increase in overall ice

526

particle concentration, but rather to more numerous large particles (aggregates) during

527

SEED, as suggested by a Parsivel disdrometer and a Cloud Particle Imager located in the

25

528

target area. This is confirmed by observed low-level X-band ZDR values, which were

529

significantly larger for any reflectivity value in the target area during SEED, indicating that a

530

particle of a given size was more likely to be an aggregate (higher ZDR) during SEED. This

531

finding is not consistent with the two other stratiform cloud case studies (IOP12 and IOP13),

532

nor with several convective cloud case studies (summarized in Pokharel et al. 2017). In all

533

those studies, an increase in concentration of snow particles of all sizes was observed during

534

SEED. In those studies, the natural ice particle concentration was higher than in IOP17. This

535

finding is attributed to the abundance of supercooled droplets in IOP17, and the relatively

536

low natural ice crystal concentration.

537

Confidence in the findings presented here mainly follows from the consistency between

538

independent measurements. To validate these findings, we recommend a cloud-resolving

539

numerical simulation of this case, with an AgI cloud seeding parameterization such as that by

540

Xue et al. (2013).
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List of Tables
Table 1: Comparison of cloud characteristics in this case study against two other ASCII-12 case
studies of stratiform orographic clouds. The CDP data were collected at a flight level of 13 or 14
kft (~4.0 or 4.3 km MSL). It should be noted that the CDP data in IOP12 and IOP13 are based on
limited cloud penetrations only, because of instrument icing (in IOP13) and because of shallow
clouds, mostly below flight level. The liquid water path (LWP) estimate is from the passive
microwave radiometer at Savery (Fig. 1) and presents an IOP average.

Table 2: Definition of NOSEED and SEED periods for the 3 March 2012 IOP. Eight AgI
generators were operating from 1930 to 2330 UTC ± a few minutes. The times are in UTC
(HH:MM:SS). L refers to a ladder pattern, consisting of 5 tracks (T), as shown in Fig. 1. The
UWKA flew two along-wind legs after completing two ladder patterns, thereby creating a buffer
period between NOSEED and SEED (1932-2000 UTC). No such period is assumed for the
instruments at Battle (MRR, Parsivel, DOW), but a ~25 minute advection time between the AgI
generators and Battle is applied. No DOW data is available after 22:30.
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List of Figures
Fig. 1: ASCII-12 experimental design map, showing the location of AgI generators and
instrument platforms, and UWKA flight tracks. The terrain elevation is shown in the
background. The solid black lines show parts of the 3 March 2012 flight track, including the
ladder pattern, with track labels (#1-5), and an along-wind leg.
Fig. 2: Skew-T log-p display of rawinsonde data from Dixon (a) during the NOSEED period;
and (b) and (c) during the SEED period, on 3 March 2012. The red lines show the temperature
and the blue lines show the dewpoint. A full barb equals 5 m s-1 (~10 kts). (d) Vertical profiles of
potential temperature θ and equivalent potential temperature θe for these three soundings.
Fig. 3: Evolution of several atmospheric parameters during the course of the IOP on 3 March
2012, as measured by rawinsondes, weather station and radiometer in the upwind valley, weather
station at Battle Pass (DOW), and WCR. The surface station data at Dixon and Battle Pass
(DOW) have a 1 minute resolution, with wind measurement at 10 m and temperature and
humidity at 2 m. The vertical dashed line and vertical dashed-dotted line in all panels show the
AgI generators start time and the arrival time of the AgI plume at Battle Pass (estimated from the
surface wind speed), respectively.
Fig. 4: WCR and WCL transect for the along-wind flight leg over the Sierra Madre shown in
Fig. 1. The wind direction and UWKA flight is from left (southwest) to right (northeast). a)
WCR reflectivity; b) WCR hydrometeor vertical velocity profile; also shown, at flight level, is
the gust probe air vertical velocity; c) WCR dual-Doppler synthesized along-track horizontal
wind below flight level and hydrometeor streamlines (black lines with arrows); also shown, at
flight level, is the gust probe along-track wind speed; and d) WCL backscatter power below
flight level. The dashed white line in panels (a) and (d) is the UWKA flight level, and the white
line below is the terrain profile. The WCR vertical velocity scale is offset by 1 m s-1 to account
for the typical fallspeed of unrimed snow. Thus blue (red) regions in panel (b) can be interpreted
as updrafts (downdrafts) of air.
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Fig. 5: Droplet and ice concentrations measured at flight level during the NOSEED period by the
CDP, CIP and 2DP during IOP17 (black line) and from all ASCII data over two mountain ranges
in southern Wyoming (gray line). a) probability distribution of droplet concentration, b)
probability distribution of LWC, c) mean droplet size distribution measured by the CDP, and d)
mean ice particle size distribution measured by the CIP and 2DP.
Fig. 6: Example WCR reflectivity transects, collected along flight track #4 (Fig. 1) on 3 March
2012. All transects are from NW (left) to SE (right), the direction of the low-level shear (Fig. 2).
The upper two transects were flown during NOSEED, the lower two transects during SEED. The
asterisks in third panel show the location and actual elevation of the six AgI generators (into the
page) projected on this transect, following the mean low-level wind. The distance (km) to those
generators along the low-level wind is shown next to each asterisk. The actual terrain is shown
by the white line and the UWKA flight level (3.9 km, MSL) is shown by the white dashed line in
all panels.
Fig. 7: Normalized frequency by altitude diagrams (FADs) of WCR reflectivity (top panels) and
vertical velocity (middle panels) for the 3 March 2012 flight. The left panels apply to track #1
(control), the right panels to the four tracks downwind of the AgI generators (target). Also shown
in the top panels are the mean reflectivity profile (orange lines) and the “data presence” profile,
i.e. the percentage of WCR range gates with radar echo as a function of height (white line). Also
shown in the middle panels are the average vertical velocity profile (orange line) and average
profiles during the NOSEED (dashed line) and SEED (solid line) periods. c) & f) the reflectivity
difference FAD (SEED – NOSEED), with the average reflectivity profiles for the two periods
(black lines).
Fig. 8: Time series of silver (Ag) concentration in parts per trillion (ppt) from three fresh snow
samples collected during the 3 March 2012 IOP at Battle Town site. The width of the histogram
shows the duration of snowfall collected. The vertical dashed line shows the AgI generators start
time. The dashed-dotted line is the estimated time of the AgI plume arrival at Battle Pass, based
on surface wind speed. It separates the NOSEED and SEED periods.
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Fig. 9: The normalized reflectivity difference FAD for [SEED – NOSEED] for a) the upstream
MRR (control), and b) the downstream MRR (target). The NOSEED and SEED periods are
defined in Table 2.
Fig. 10: Height (km AGL) of the lowest unblocked beam AGL from the DOW radar, located at
Battle Pass (Fig. 1). Also shown are three vertically hatched regions used in the analysis of the
seeding impact: the upstream control region (red hatching), the “upwind target” region (black)
upwind of the mountain crest, and the “lee target” region (green) in the lee. The red asterisk
shows the DOW location and white circles are the AgI generators.
Fig. 11: The upper panels show the DOW radar reflectivity difference FADs (SEED –
NOSEED) measured in the (a) control region, (b) upwind target region, and (c) lee target region.
The lower panel shows the DOW differential reflectivity (ZDR) difference FADs (SEED –
NOSEED) measured in the (d) control region, (e) upwind target region, and (f) lee target region.
Fig. 12: The left panels show the average DOW reflectivity below 1.5 km AGL during a)
NOSEED, b) SEED, and c) the mean reflectivity difference between these two periods. The two
upper right panels show the average ZDR below 1.5 km AGL during d) NOSEED and e) the
mean ZDR difference (SEED – NOSEED). The lower right panel f) shows the terrain map. In all
these maps, the white circles are the AgI generators and the asterisk locates the DOW.
Fig. 13: Normalized frequency of reflectivity (Z) by ZDR for the target (upwind plus lee) region,
during (a) the SEED period and (b) the NOSEED period in IOP12. The frequency difference
(SEED – NOSEED) is shown in (c). Only points within 1.5 km AGL are included in the count.
The white lines in (a) and (b) represent the average ZDR for any Z value. They are repeated as
black lines in (c).
Fig. 14: Vertical profiles of ZIP/PIF (defined in the text) for three radar systems and gaugeestimated PIF. The upwind and lee target regions are combined for the DOW. The vertical dotted
line separates a positive effect to the right from a negative effect to the left. The horizontal solid
line is the WCR-derived average PBL depth.
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Fig. 15: Time series of Parsivel disdrometer measurements at Battle Town site: (a) snow size
distribution; (b) total snow concentration (black line) and mean diameter (blue line), and (c)
calculated reflectivity based on the Parsivel size distribution. The vertical dashed and dasheddotted lines in all panels are the AgI generators start time and the estimated arrival time of the
AgI plume at Battle Pass, respectively.
Fig. 16: Frequency by diameter display (FDD) of snow particle concentration measured by the
Parsivel at Battle Pass during the (a) NOSEED and (b) SEED periods. Panel (c) shows the
normalized frequency difference FDD between SEED and NOSEED. The solid yellow lines in
(a) and (b) show the average value; these lines are repeated as black lines in (c).
Fig. 17: A sampling of snow crystal images measured by the Cloud Particle Imager (CPI) at
Battle Town site (Fig. 1) during the IOP. The scale is shown at the top right and bottom left. The
time (UTC) is shown in the upper left corner of each sample. Time increases from upper left to
lower right. The red line separates NOSEED (left) from SEED (right) periods. The black number
in lower left corner of individual images shows the maximum particle dimension, in microns.
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Tables
Table 1: Comparison of cloud characteristics in this case study against two other ASCII-12 case
studies of stratiform orographic clouds. The CIP and CDP data were collected at a flight level of
13 or 14 kft (~4.0 or 4.3 km MSL), during the NOSEED period only. The CIP concentration is in
the 63 - 2000 µm size range only. It should be noted that the CDP data in IOP12 and IOP13 are
based on limited cloud penetrations, because of instrument icing (in IOP13) and because of
shallow clouds, mostly below flight level. The liquid water path (LWP) estimate is from the
passive microwave radiometer at Savery (Fig. 1) and presents an IOP average.
IOP

12

13

17

date

21 February 2012

22 February 2012

3 March 2012

Pokharel et al. (2014a)

Pokharel et al. (2015)

this study

30

17

8

86

31

125

0.15

0.52

0.13

0.22

0.31

0.08

reference
CIP ice particle
-1

concentration ( L )
CDP droplet number
concentration (# cm-3)
CDP liquid water content
-3

(g m )
LWP (mm)
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Table 2: Definition of NOSEED and SEED periods for the 3 March 2012 IOP. Eight AgI
generators were operating from 1930 to 2330 UTC ± a few minutes. The times are in UTC
(HH:MM:SS). L refers to a ladder pattern, consisting of 5 tracks (T), as shown in Fig. 1. The
UWKA flew two along-wind legs after completing two ladder patterns, thereby creating a buffer
period between NOSEED and SEED (1932-2000 UTC). No such period is assumed for the
instruments at Battle (MRR, Parsivel, DOW), but a ~25 minute advection time between the AgI
generators and Battle is applied. No DOW data is available after 22:30.

NOSEED

SEED

instruments
start
WCR/UWKA
UWKA cross-wind tracks

stop

start

stop

18:16:28 19:32:00 20:00:52 21:16:00
L1: T5-T1
L2:T5-T1

L3:T5-T1
L4:T5-T1

MRR and Parsivel

17:30:00 19:56:00 19:57:00 22:50:00

DOW

17:30:00 19:56:00 19:57:00 22:30:00
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Figures

Fig. 1: ASCII-12 experimental design map, showing the location of AgI generators and
instrument platforms, and UWKA flight tracks. The terrain elevation is shown in the
background. The solid black lines show parts of the 3 March 2012 flight track, including the
ladder pattern, with track labels (#1-5), and an along-wind leg.
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Fig. 2: Skew-T log-p display of rawinsonde data from Dixon (a) during the NOSEED period;
and (b) and (c) during the SEED period, on 3 March 2012. The red lines show the temperature
and the blue lines show the dewpoint. A full barb equals 5 m s-1 (~10 kts). (d) Vertical profiles of
potential temperature θ and equivalent potential temperature θe for these three soundings.
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Fig. 3: Evolution of several atmospheric parameters during the course of the IOP on 3 March
2012, as measured by rawinsondes, weather station and radiometer in the upwind valley, weather
station at Battle Pass (DOW), and WCR. The surface station data at Dixon and Battle Pass
(DOW) have a 1 minute resolution, with wind measurement at 10 m and temperature and
humidity at 2 m. The vertical dashed line and vertical dashed-dotted line in all panels show the
AgI generators start time and the arrival time of the AgI plume at Battle Pass (estimated from the
surface wind speed), respectively.
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Fig. 4: WCR and WCL transect for the along-wind flight leg over the Sierra Madre shown in
Fig. 1. The wind direction and UWKA flight is from left (southwest) to right (northeast). a)
WCR reflectivity; b) WCR hydrometeor vertical velocity profile; also shown, at flight level, is
the gust probe air vertical velocity; c) WCR dual-Doppler synthesized along-track horizontal
wind below flight level and hydrometeor streamlines (black lines with arrows); also shown, at
flight level, is the gust probe along-track wind speed; and d) WCL backscatter power below
flight level. The dashed white line in panels (a) and (d) is the UWKA flight level, and the white
line below is the terrain profile. The WCR vertical velocity scale is offset by 1 m s-1 to account
for the typical fallspeed of unrimed snow. Thus blue (red) regions in panel (b) can be interpreted
as updrafts (downdrafts) of air.
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Fig. 5: Droplet and ice concentrations measured at flight level during the NOSEED period by the
CDP, CIP and 2DP during IOP17 (black line) and from all ASCII data over two mountain ranges
in southern Wyoming (gray line). a) probability distribution of droplet concentration, b)
probability distribution of LWC, c) mean droplet size distribution measured by the CDP, and d)
mean ice particle size distribution measured by the CIP and 2DP.
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Fig. 6: Example WCR reflectivity transects, collected along flight track #4 (Fig. 1) on 3 March
2012. All transects are from NW (left) to SE (right), the direction of the low-level shear (Fig. 2).
The upper two transects were flown during NOSEED, the lower two transects during SEED. The
asterisks in third panel show the location and actual elevation of the six AgI generators (into the
page) projected on this transect, following the mean low-level wind. The distance (km) to those
generators along the low-level wind is shown next to each asterisk. The actual terrain is shown
by the white line and the UWKA flight level (3.9 km, MSL) is shown by the white dashed line in
all panels.
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Fig. 7: Normalized frequency by altitude diagrams (FADs) of WCR reflectivity (top panels) and
vertical velocity (middle panels) for the 3 March 2012 flight. The left panels apply to track #1
(control), the right panels to the four tracks downwind of the AgI generators (target). Also shown
in the top panels are the mean reflectivity profile (orange lines) and the “data presence” profile,
i.e. the percentage of WCR range gates with radar echo as a function of height (white line). Also
shown in the middle panels are the average vertical velocity profile (orange line) and average
profiles during the NOSEED (dashed line) and SEED (solid line) periods. c) & f) the reflectivity
difference FAD (SEED – NOSEED), with the average reflectivity profiles for the two periods
(black lines).
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Fig. 8: Time series of silver (Ag) concentration in parts per trillion (ppt) and R value (defined in
text) from six fresh snow samples collected during the 3 March 2012 IOP at Battle Town site.
The width of the histogram shows the duration of snowfall collected. The vertical dashed line
shows the AgI generators start time. The dashed-dotted line is the estimated time of the AgI
plume arrival at Battle Pass, based on surface wind speed. It separates the NOSEED and SEED
periods.
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Fig. 9: The normalized reflectivity difference FAD for [SEED – NOSEED] for a) the upstream
MRR (control), and b) the downstream MRR (target). The NOSEED and SEED periods are
defined in Table 2.
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Fig. 10: Height (km AGL) of the lowest unblocked beam AGL from the DOW radar, located at
Battle Pass (Fig. 1). Also shown are three vertically hatched regions used in the analysis of the
seeding impact: the upstream control region (red hatching), the “upwind target” region (black)
upwind of the mountain crest, and the “lee target” region (green) in the lee. The red asterisk
shows the DOW location and white circles are the AgI generators.
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Fig. 11: The upper panels show the DOW radar reflectivity difference FADs (SEED –
NOSEED) measured in the (a) control region, (b) upwind target region, and (c) lee target region.
The lower panel shows the DOW differential reflectivity (ZDR) difference FADs (SEED –
NOSEED) measured in the (d) control region, (e) upwind target region, and (f) lee target region.
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Fig. 12: The left panels show the average DOW reflectivity below 1.5 km AGL during a)
NOSEED, b) SEED, and c) the mean reflectivity difference between these two periods. The two
upper right panels show the average ZDR below 1.5 km AGL during d) NOSEED and e) the
mean ZDR difference (SEED – NOSEED). The lower right panel f) shows the terrain map. In all
these maps, the white circles are the AgI generators and the asterisk locates the DOW.
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Fig. 13: Normalized frequency of reflectivity (Z) by ZDR for the target (upwind plus lee) region,
during (a) the SEED period and (b) the NOSEED period in IOP12. The frequency difference
(SEED – NOSEED) is shown in (c). Only points within 1.5 km AGL are included in the count.
The white lines in (a) and (b) represent the average ZDR for any Z value. They are repeated as
black lines in (c).
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Fig. 14: Vertical profiles of ZIP/PIF (defined in the text) for three radar systems and gaugeestimated PIF. The upwind and lee target regions are combined for the DOW. The vertical dotted
line separates a positive effect to the right from a negative effect to the left. The horizontal solid
line is the WCR-derived average PBL depth.
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Fig. 15: Time series of Parsivel disdrometer measurements at Battle Town site: (a) snow size
distribution; (b) total snow concentration (black line) and mean diameter (blue line), and (c)
calculated reflectivity based on the Parsivel size distribution. The vertical dashed and dasheddotted lines in all panels are the AgI generators start time and the estimated arrival time of the
AgI plume at Battle Pass, respectively.
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Fig. 16: Frequency by diameter display (FDD) of snow particle concentration measured by the
Parsivel at Battle Pass during the (a) NOSEED and (b) SEED periods. Panel (c) shows the
normalized frequency difference FDD between SEED and NOSEED. The solid yellow lines in
(a) and (b) show the average value; these lines are repeated as black lines in (c).
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Fig. 17: A sampling of snow crystal images measured by the Cloud Particle Imager (CPI) at
Battle Town site (Fig. 1) during the IOP. The scale is shown at the top right and bottom left. The
time (UTC) is shown in the upper left corner of each sample. Time increases from upper left to
lower right. The red line separates NOSEED (left) from SEED (right) periods. The black number
in lower left corner of individual images shows the maximum particle dimension, in microns.
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